OBJECTIVES: The use of off-pump coronary artery bypass grafting (OPCAB) has been associated with similar or even worse results vs on-pump coronary artery bypass graft (CABG). Different production processes demand re-engineering, operational learning and quality loops to study and reduce negative learning curves. This analysis studies and quantifies the impact of these processes on the early mortality of continued re-engineering and quality loops within the OPCAB patient group.
OBJECTIVES
In the last 15 years, there has been a renaissance of off-pump coronary artery bypass grafting (OPCAB) to avoid the documented morbidities associated with extracorporeal cardiopulmonary bypass (CPB), aortic cannulation and clamping, hypothermic cardioplegic arrest and systemic haemodilution [1] . Despite numerous retrospective studies [2] and randomized trials [3] demonstrating improved outcomes with OPCAB, its systematic adoption reached a plateau at 20% in 2004 and it has not changed significantly since that time. The unique technical challenges of OPCAB grafting have raised concerns about a possible worse outcome during each surgeon's learning curve [4] . The development of specialized techniques, coronary stabilizers and apical suction devices allowed some centres and surgeons to propose OPCAB to virtually all coronary bypass patients [5] . Evolution to routine OPCAB can indeed be achieved after a complex, mandatory learning process involving the whole surgical team.
The disappointing implication of most learning curve studies is that the only way to accelerate cost reduction is to accelerate cumulative production volume, which may not always be desirable or feasible. The rate at which individuals and organizations learn may become the only sustainable competitive advantage. The importance of managing learning rates becomes all the more apparent when we consider the variation in learning rates.
Learning rates exhibit considerable variation across units, within units, within hospitals and even across workers within a unit. Some centres or factories reduce unit costs by 50% after doubling cumulative production volume, and others do not learn at all. Consequently, there is an opportunity to manage learning rates. Lapre and Van Wassenhove [6] studied quality improvement projects undertaken between 1982 and 1991 in a Belgian multinational. He found that learning processes in these projects exhibited much variation along two dimensions: conceptual learning and operational learning. Conceptual learning is the process of acquiring a better understanding of the cause-and-effect relationship using scientific and statistical methods to develop an explanation or a theory. Operational learning is the process of obtaining the validation of action-outcome links; operational learning is high if a team modifies action variables and observes positive follow-up results. Conceptual learning yields know-why; the team understands why a problem happens. Operational learning yields know-how; the team has tested a solution and knows how to apply it and make it work.
In projects with high levels of both, teams draw scientific insights to implement changes and produce replicable results. Processes created with conceptual and operational learning will result in better outcomes and can more easily be integrated in educational pathways.
Since October 1999, our unit underwent a systematic reengineering process adopting OPCAB as the procedure of choice [7] for coronary revascularization. During these years, we have tried to maintain a high level of conceptual and operational learning: any adverse event (death, stroke, myocardial infarction) was analyzed to discover the possible causes and risk factors; new measures were taken and several changes were made to reduce the perioperative hazard. To evaluate the effect of this 'improvement project', we studied the 1-and 3-month mortalities.
METHODS
Between January 2000 and January 2007, 3309 patients underwent isolated coronary artery bypass graft (CABG) at the U.Z.Leuven, Gasthuisberg University Hospital. Patients entering the operating theatre in cardio pulmonary resuscitation or cardiogenic shock were excluded. A total of 3054 patients operated on without the use of CPB represent the study population. Before January 2000, 140 patients were operated off-pump before and 60 after the re-engineering moment (October 1999). All elements of the procedure have been described earlier (http://www.opcab-training.eu).
The study cohort was divided into three consecutive groups (early, middle and late cohort) of 1018 patients. Assuming the identification of a reduction in the 3-month mortality of at least 50% and using a reference value of 2.4% [7] , a number of 1018 patients permit reaching a statistical power of 80% [8] .
The pre-, intra-and post-operative data were prospectively collected in the coronary surgery database of the hospital. The statistical analysis was performed retrospectively.
The pre-operative categorical variables between survivors and non-survivors were compared by the χ 2 -test, and the continuous variable by the t-test.
Our primary outcome was the early risk, expressed by the 1-and 3-month mortalities. We used a Kaplan-Meier method to represent the actuarial 1-and 3-month survivals and a log-rank test to compare the survival distributions of the groups in the global population and after correction [9] .
To reduce the preoperative variability among the three consecutive groups, we used a propensity score methodology. The propensity scores were computed through a logistic regression with the odds of belonging to the late cohort as a dependent variable. A saturated model was built inserting selected variables in the regression formula. The model performance was good, with an area under the curve of the receiver operating characteristic of 82.3%. The following predictors were inserted in the model: insulin-treated diabetes, presence of carotid stenosis, presence of any vascular disease, number of vessel diseased, degree of left main stenosis, history of stroke, ejection fraction, preoperative end-diastolic pressure, number of arterial anastomosis and arterial grafts, number of aortic proximal anastomosis, presence of left ventricle hypertrophy, aortic insufficiency and recent myocardial infarction.
Two propensity score methods were used to compare the outcome. A case-control matching using a 'Nearest Neighbour' algorithm (using two decimal points) selected 976 patients from the late group (the cases) and 976 from the rest of the population (controls). In a second method, we divided the study population into three tertiles (low risk, medium risk and high risk) based on the propensity score to identify three equally balanced groups; then the 1-and 3-month mortalities among the consecutive groups were compared in each tertile [10] .
RESULTS
The preoperative comorbidities among the three cohorts increased progressively. The largest difference was found between the early and the late cohort with a significant increase in the presence of vascular disease, insulin-dependent diabetes, history of stroke, degree of left main stenosis, presence of mitral insufficiency, recent myocardial infarction and reduced left ventricular function ( Table 1 ). The intraoperative data are shown in Table 2 . The correction with the case-control (Table 3 ) and the tertile division based on the derived propensity score annihilates the discrepancies of preoperative comorbidities between the groups.
The actuarial 1-and 3-month survivals were 98.5% (CI = 98.1-99%) and 97.4% (CI = 96.9-98%). Freedom from stroke and myocardial infarction were 99.2% (CI = 98.9-99.5%) and 98.2% (CI = 97.7-98.6%).
The actuarial 1-month survival increased significantly from the early to the late cohort (97.6%, CI = 96.7-98.6%, vs 99.3%, CI = 98.8-99.8%; P < 0.01). The late cohort experienced better 3-month survival compared with the first and the second (96.7%, CI = 95.6-97.8%, and 96.9%, CI = 95.8-97.9%, vs 98.8%, CI = 98.2-99.5%) ( Fig. 1 ). No differences in hospital survival were registered (early cohort = 97.5%, middle cohort = 97.5% and late cohort = 98.8%). The incidence of stroke and infarct were similar, but the need for dialysis and the revision for bleeding declined progressively among the three cohorts (Table 4) .
After case-control matching, both the 1-(99.2%, CI = 98.6-99.8%, vs 97.9%, CI = 96.9-98.9%; P = 0.02) and 3-month survivals (98.7%, CI = 98-99.5%, vs 96.3%, CI = 95.1-97.7%; P < 0.01) were significantly higher in the cases (Fig. 2) .
The improvement in 1-and 3-month survivals in the late cohort was also confirmed after stratification matching ( Fig. 3 ).
CONCLUSIONS
We identified a clear improvement in the 3-month survival despite the progressive worsening of the risk profile of the patients during the study period; these results were confirmed after a saturated propensity score-based case-control matching and stratification correction.
The encouraging evolution in the outcome is the effect of a continuous process of monitoring and quality-control loops. We methodologically and prospectively collected all pre-, intra-and postoperative data. This was repeatedly followed by structured follow-up processes and outcome analyses to identify possible modifiable elements. These analyses have permitted the identification of new risk factors or possible preventive actions to annihilate the perioperative risk. Multidisciplinary processes lead to a continued maturation of the surgical procedure. The extensive monitoring of not just the systolic and diastolic pulmonary artery pressures, but in addition, the detailed monitoring of its waveform and its relation to other parameters describing the increased stiffening of the left ventricle due to intraoperative ischaemia is one example. Another example is the search for an optimal balance between oxygen consumption and supply, including the systematic use of the shunt during the anastomosis, the preconditioning of the patients in terms of heart rate and left ventricle preload and strict avoidance of inotropic agents. The stabilization and enuclation process is based on the synergic use of a deep pericardial stitch, the tissue stabilizer and the heart positioner. During this phase, respect for the shape and function of the left and right ventricles is mandatory to maintain a stable haemodynamic status. This was all integrated in the normal resident training, so that currently the majority of all anastomoses on all regions of the heart are performed by residents in training.
The clinical outcome analysis was performed in two steps. A multivariate time-related risk analysis based on Cox proportional hazard regression was conducted for any of the primary outcomes (1-and 3-month mortalities, stroke, myocardial infarction and atrial fibrillation). Stepwise, the patients operated off-pump were compared with the last 1500 patients operated on-pump regarding primary outcome. We registered a reduction in the observed risk compared with the on-pump patients in term of morbility and mortality [11] . From these results, we decided to apply the OPCAB technique as the standard of care for surgical coronary revascularization and the propensity to OPCAB increased from 93.4% till January 2003 to even more than 98% in 2000 and 2001.
During the operational learning phase, we tried to translate tacit knowledge (acquired through experience and rooted in action) to codified knowledge (transmittable in formal, symbolic language). Any new development, findings and improvement in the surgical technique or anaesthesiological procedure were codified, extensively described and documented in strict anaesthesiological and surgical protocols (http://www.opcab-training.eu).
The operational learning was also completed by a post hoc analysis. The daily seminars organized for visiting surgeons and anaesthesiologists forced us to a continuous confrontation with other techniques and perspectives. This external evaluation led to a further critical reassessment of the several parts of our methodology and a further refinement of the procedures and protocols.
In the literature, Ivanov et al. [12] reported a similar survival improvement despite a progressive worsening of the patient's risk profile. Their results were restricted to patients operated on-pump. From 1982 till 1996, they registered a significant reduction in the hospital mortality. Moreover, they demonstrated a significant increase in risk severity, mostly due to the progressively increasing prevalence of elderly patients. A better myocardial protection, using warm blood cardioplegia in place of cold crystalloid and a better anaesthesia management were the possible explanations for the improvement of the outcomes. In our data set, the patients belonging to the last group were older than those in the previous groups, but this difference did not reach statistical difference.
After the introduction of OPCAB, several authors demonstrated an outcome improvement. Many randomized trials and observational studies demonstrated a reduction in mortality, stroke, post-operative pulmonary complication and reduction in hospitalization [13] [14] [15] . Others demonstrated the feasibility of this technique as the standard of care [16] or in specific high-risk subjects such as elderly patients and those in renal failure [17] . Gobran et al. [16] showed an increasing trend in the number of lives saved after the introduction of a 'clinical effectiveness quality initiative process' in OPCAB, but he could only demonstrate a significant difference in hospital mortality and the need for ventilation by comparing the new procedure with the on-pump technique. All these studies were always centred on the comparison OPCAB vs on-pump. The purpose of our analysis, on the contrary, was to show the possible evolution of the outcomes combining OPCAB and a systematic quality improvement program (including high conceptual and operational learning).
The worsening of the risk profile of the CABG patients relates not only to the aging of the patients and their relative risk factors [18] [19] [20] , but also to the shift in the approach to coronary pathology, now based mostly on medical and interventional treatment; nowadays, the patients who arrive in the operating theatre are older, with more vascular pathology and more extensive coronary disease, and the surgical procedure is reserved only for the worse patients.
The evolution of the outcome leads us to speculate that the multidisciplinary systematic conversion to an OPCAB program can bring a significant benefit if coupled with a constant risk analysis process. Possible reasons could be the myocardial perioperative monitoring, better manipulation technique, better myocardial protection and more extensive use of the bilateral mammary artery. Furthermore, better selection criteria and optimization of the surgical indication identify the patients who can obtain a real benefit from the surgery and excludes some with excessive early risks and no possible late benefit.
The exact quantification of the experience necessary to reach a real benefit with OPCAB is still not known. We excluded the first 200 patients needed to develop a more defined concept, but in the following months and years the technique and the perioperative management continued to evolve and change.
In conclusion, we know that any new technology, surgical technique or innovative procedure implies a learning curve phase. This phase can be accelerated and optimized by multidisciplinary quality improvement projects based on two specified dimensions: the know-why, the understanding of the causeeffect relationship of the phenomenon under study (the conceptual learning) and the know-how, the obtained validation of action-outcome links (the operational learning). After the introduction of the OPCAB as the standard of care in coronary surgery, we applied continuous quality-control loops to study, assess and understand the adverse events (conceptual learning) and to design adequate response and test them in term of outcomes (operational learning). This process was not limited to the first phase of the OPCAB experience, but was inserted in everyday practice and is still active at the present time in our unit. A repeated semiautomated, database-driven multivariate analysis was the main instrument we used during this process.
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